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The highly e f f e c t i v e e x t r a c t i o n of accelerated p a r t i c l e s from a r e l a t i v i s ti c cyclotron (RC) i s one of t h e basic problems since t h e successful use of the RC a high energy physics instrument and i t s normal employment are possible only when p r a c t i c a l l y a l l the p a r t i c l e s a r e extracted from the chamber and external t a r g e t s a r e used.
The most e f f e c t i v e methods f o r beam extraction from c y c l i c accelerators having constant magnetic f i e l d s are based on resonance coupling between azimuthal and r a d i a l degrees of freedom of the accelerated p a r t i c l e a t t h e given radius.
I n t h i s case it i s necessary t o provide conditions of t h e absence of cou l i n g with a x i a l o s c i l l a t i o n s of part i c f e s .
The s p i r a l s t r u c t u r e of t h e magneti c f i e l d of t h e RC causes i n t e r n a l nonl i n e a r resonance a t t h e frequency of r a d i a l o s c i l l a t i o n s Q =N/q, where N i s the number of spirals: 9 i s an i n t e g r a l ( t h e resonance order). With N=8 the nonl i n e a r resonance of t h e 4-th order (Q = 2) correspgnds t o about 820 MeV. ~h h O p Ridge MC cyclotron design (USA) envisages the use of t h e nonlinear resonance Qr=8/4 t o construct the extract i o n system with a 9% e f f i c i e n c y obtained with the electron analogue of t h i s accelerator.
The f i n a l RC energy i s 700 MeV according t o t h e conversion design of t h e Dubna synchrocyclotron . I n t h i s case Q, = 1.8 and the d i r e c t use of t h e resonance extraction i s impossible.
A new method has been proposed i n r e f . 3 by means of which r a d i a l o s c i l l at i o n frequency a t the given radius can be c h a n g e d ( * ) t o a necessary value, f o r instance, up t o two, a x i a l o s c i l l at i o n frequency being unchanged. Therefore s t r i c t dependence of r a d i a l o s c i l l a t i o n frequency upon energy a t t h e given radius taking place i n isochronous cyclotrons i s avoidea. The modified resonance e x t r a c t i o n becomes possible i n a wide range of l i m i t energies. The present paper describes f u r t h e r development of t h e modified resonance e x t r a c t i o n method r e l a t e d t o the 700 MeV r e l a t i v i s t i c cyclotron.
2. An additional harmonic having t h e p e r i o d i c i t y N/2 i s introduced t o the magnetic f i e l d s t r u c t u r e a t a radius corresponding t o the given energy t o vary r a d i a l o s c i l l a t i o n frequency a t t h i s energy of accelerated p a r t i c l e s . ( 2 ) and can be expressed a s :
Equation ( 2 ) and Formula ( 3 ) show t h a t r a d i a l o s c i l l a t i o n frem~uency i s g r e a t l y dependent both of E2 and t e phase s h i f t of t h e N/2 harmonic ( 1 ).
. 1 Cross-hatched a r e f r equency values obtained d i r e c t l y by i nt e g r a t i n g over the whole system of equat i o n s of p a r t i c l e motion on t h e electroni c computer.
Fig.2. The dependence of on E*.
Varying t h e amplitude of t h e 4-th harmoni c one can change the r a d i u s of t h e nonl i n e a r resonance and c o n t r o l within some l i m i t s the e x t r a c t e d beam energy.
The i n t r o d u c t i o n of t h e N/2 harmonic t o t h e f i e l d s t r u c t u r e r e s u l t s i n additi o n a l a x i a l focusing, t h e r e f o r e , the amp l i t u d e of t h e 8-th harmonic should be somewhat reduced t o save t h e constant frequency QZ, t h e r a d i a l o s c i l l a t i o n f r equency Q being p r a c t i c a l l y n o t reduced.
hug, a x i a l and r a d i a l o s c i l l a t i o n frequencies can be c o n t r o l l e d by varying t h e amplitudes of t h e N-th and N/2-nd harmonics i n t h e f i e l d s t r u c t u r e .
3.
The a c t u a l modified resonance e x t r a c t i o n n from t h e 700 MeV RC w i l l require a d d i t i o n a l u n i t s i n t h e magnetic system a t f i n a l r a d i i .
The magnc-tic system parameters of t h e RC t e c h n i c a l design have been chosen basing on t h e c a l c u l a t i o n s and experiments w i t h a magnetic sgstem model havi n g the s c a l e K = 6.087 . The u n i t producing t h e 4-th harmonic of t h e magnetic f i e l d can be l o c a t e d only i n the gaps between s p i r a l shims. A t t h e f i n a l r a d i u s of the a c c e l e r a t o r t h e above u n i t s should produce t h e amplitude of the 4-th harmoni c of t h e magnetic field&2"0.04t0.06 having a phase c l o s e t o
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The average magnetic f i e l d introduced i n producing t h e 4-th harmonic should be such t h a t it could be compensated w i t h t h e system of c i r c u l a r c o i l s . The calc u l a t i o n s have shown t h a t t h e use of c u r r e n t c o i l s l o c a t i n g i n t h e gaps be-
August tween s p i r a l shims does not r e s u l t i n t h e required law creasing t h e radiu:~In t h i s c nnection a system of s t e e l shims having t h e perio d i c i t y N=4 was used t o produce t h e 4-th harmonic. The shim parameters were preliminary determined by c a l c u l a t i o n s performed under the a s umtion of t h e i r uniform magnetizin2. The a n a l y s i s of these c a l c u l a t i o n s has shown t h a t a ) the necessary value of t h e shim s p i r a l i t y depends considerably upon t h e i r r a d i a l range. Thus i n order t o have t h e f i e l d parameters 3. =l54 cm the shims should e c u t i n an ~rch)imedian s p i r a l with R=10.27 cm, t h e r a d i a l l e n g t h of shims being R=335-307.5=27.5cm and with X=7.7 cm, R=332.5+312. 
d) i n a l l t h e above cases t h e amp l i t u d e of the f i e l d b a s i c harmonic i s reduced by t h e value exceeding t h e required one,
e ) the azimuthal width of shims ~roducinff the 4-th harmonic should be increase; with increasing t h e radius t o obtain the required r a d i a l d i s t r i b u t i o n of the average f i e l d , the amplitude of the 4-th and 8-th harmonics.
The parameters of the shims system shaping t h e 4-th harmonic have been chosen basing on t h e s e calculations. The r e s u l t s of experiments performed with these shims on t h e m a p e t i c system model a r e shown i n Fig. 3 . It i s seen t h a t t h e character of t h the d i s t r i b u t i o n am-~litude of the 4-th harmonic s a t i s f i e s t h e requirements imposed on t h e system of r a d i a l o s c i l l at i o n frequency v a r i a t i o n i n the narrow region near t h e f i n a l radius of the acc e l e r a t o r . The obtained excess of the average f i e l d over t h e resonance one can be compensated by means of c u r r e n t c o i l s of f i n e and rude corrections. The reduct i o n of t h e amplitude of t h e b a s i c harmonic exceeds the necessary value. Theref o r e , the obtained value of t h e 8-th harmonic amplitude should be increased, which can be achieved by s l i g h t varying the p r o f i l e of t h e s p i r a l shim system.
The above s t u d i e s show t h a t modif i e d resonance e x t r a c t i o n i s possible i n the 700 MeV RC. A l l the u n i t s of the ext r a c t i o n system including the m a~n e t i c channel w i l l be f i n a l l y designed basing on f u r t h e r t h e o r e t i c a l i n v e s t i g a t i o n s of p a r t i c l e dynamics and the experiments on t h e magnet system model. 4 . To experimentally study t h e modi f i e d resonance e x t r a c t i o n of p a r t i c l e s from t h e RC of t h e Laboratory of Nuclear Problems the e l e c t r o n analogue of the r e l a t i v i s t i c cyclotron with the c o e f f i c ie n t of the dynamic i d e n t i t y Kdhm =3.2 has been designed and i s aimed a t a c c e l e r a t i n g e l e c t r o n s up t o 380 keV ( P d . 8 2 ) corresponding t o t h e 700 MeV proton energy. The magnetic f i e l d i s produced with t h r e e systems of c u r r e n t conductors one of which provides the necessary f i n e c o r r e c t i o n of t h e average magnetic f i e l d along the radius. The change of t h e v a r i a t i o n depth with radius i s achieved by p r o f i l i n g t h e v e r t i c a l gap between t h e conductors. A t the f i n a l acc e l e r a t i o n radius (R -101.7 cm) provision i s made f o r a winding-producing the 4-th harmonic of a necessary value and a phase t o produce t h e nonlinear resonance Q -8/4 a t t h i s radius. The magnetic f i e l d ig- 13 .7 Oe at t h e centre. The peaks of t h e magnetic f i e l d with N=8 a r e varied according t o t h e Archimedian s p i r a l r= 19T3 (cm).
-
The a c c e l e r a t i n g system i s a goOdee operating a t the frequency of 38.5 MHz. The voltage over the dee can be varied within a widd range.
Provision i s made both f o r the int e r n a l e l c c t r o n source and t h e e x t e r n a l one having t h e i n j e c t i o n edergy of DMITRIEVSKY, ET AL: MODIFIED RESONANCE EXTRACTION 8 7
keV and sufficiently high intensity
The general view of the analogue (some mA) .
is shown in Fig. 4 . Fig.4 . The electron analogue.
Further theoretical and experimental investigations will allow to draw final conclusions on the methods of practical applications and possible efficiency of the modified resonance extraction for the 700 MeV relativistic cyclotron
